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Different technologies can be used for fabrication of photonic crystals such as: self-assembly of colloidal particles, e-
beam lithography (EB), interference lithography (IL) and focused ion beam (FIB). Among them, the holographic 
lithography (HL) is the only technique that is able to fabricate both two-dimensional and three-dimensional photonic 
crystals, as well as plasmonic structures, in large areas. In this paper we demonstrate the use of the multi-exposure of 
two-beam interference patterns, with rotation of the sample around different axis, for fabrication of large areas 2D and 3 
D photonic crystals and plasmonic structures. Using this technique, we achieved aspect ratios of about 4 in 2D 
photoresist templates recorded in 1 cm2 glass substrates. In order to generate the 2D photonic band gap layers and 
plasmonic structures, we combine the use the high aspect ratio photoresist templates with shadow evaporation of 
appropriated materials, with a further lift-off of the photoresist. The optical properties of the recorded structures, both 
photonic and plasmonic, were measured to demonstrate the applicability of the technique. 
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1. INTRODUCTION 
Photonic Crystals (PC) and Plasmonic Structures have attracted growing interest because of their ability to mold the light 
behavior and thus to generate new type of applications [1-4].  
Two dimensional photonic crystal (2D PC) layers have been extensively demonstrated in the last years. They can be 
fabricated by Electron Beam Lithography (EBL) [2], Focused Ion Beam (FIB) [5] or Interference Lithography (IL)[6]. By 
the other hand, three-dimensional Photonic Crystal (3D PC) templates can be fabricated by self-arrangement of colloidal 
particles [7], direct laser writing [8] or holographic lithography [9-10]. Plasmonic structures are mostly fabricated by FIB[3,4]. 
Among these fabrication techniques, the holographic lithography is the only one that is able to fabricate either 2D or 3D 
Photonic Crystal templates, as well as plasmonic structures, in large areas.  
The holography fabrication of 3D PC employs generally a single exposure of multiple beams [9,10]. Such method, 
however, reduces the contrast of fringe pattern as well as the exposure area. An alternative way is the multi-exposure of 
two beam interference patterns, with rotation of the sample between the exposures [11,12], instead of a single exposure of 
multiple beams. Multiple exposures present some advantages: the two interfering beams may have the same polarization 
and it is possible to set up very stable two-beam interferometers for generation of high quality fringe patterns in large 
areas [12]. Such advantages result in higher contrast of the intensity light pattern allowing the recording of well-defined 
homogeneous structures in large areas. 
In this paper, we demonstrate the use of the multiple exposures of two beam interference patterns to fabricate, 2D and 3 
D photonic crystals templates as well as plasmonic structures. 
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2. SIMULATED LIGHT PATTERNS 
If we expose a photosensitive material to several two-beam interference patterns, the resulting light dose inside the 
photosensitive material is the sum of the light intensity IRi of each interference fringe pattern multiplied by the time of 
each exposure (Δti). 







= Δ∑                                                               (1) 
Assuming that each fringe pattern is formed by two linearly parallel polarized plane wave-fronts with equal irradiance, 
forming an angle 2θ between them (Figure 1), the irradiance IRi of each interference pattern inside the photosensitive 
material can be expressed by: 
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with α being the rotation angle of the sample around y axis (Figure 1). In this equation nr is the refractive index of the 
photosensitive material, ρ and ξ are the angles formed between each incident beam and the normal to the substrate, 
inside the material. Such angles are related with the angle 2θ formed between the incident beams (in air) and the rotation 
angle of the sample β (around the z axis) by the Snell law: 
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By assuming an equal and constant irradiance in both interfering waves inside the photosensitive material, we are 
neglecting the variation of the light intensity with the incident angle and the absorption of the photosensitive material. 
Both assumptions are reasonable for our experimental conditions because: a) we use as a light source a blue laser 
(458nm) for which the absorption of the photosensitive material (positive photoresist) is very low and b) the variation of 
the reflectance with the incident angle do not change significantly the contrast of the fringe pattern, but it only reduces 
the total light intensity (I) of the interference pattern, inside the material, of about 10%, for the maximum angles that we 
can use in our setup. The increasing of the exposure time can compensate this variation, but it does not affect the 
geometry of the recorded structures.  
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Fig. 1. Scheme of the incident beams and rotation angles of the sample α and β, around the axis y and z respectively.  
 
2.1 Two dimensional layer 
If the normal to sample is aligned with the bisector of the two incident beams (y axis), that means β=0o and we expose 
the sample twice to the same interference pattern by rotating the sample around the y-axis of α1=45o and α2=-45o (or 
α1=0o and α2=90o) for each exposure respectively, a squared lattice will be recorded [6]. By other hand if we rotate the 
sample around the same y-axis of α1=30o and α2=-30o (or α1=0o and α2=60o) for each exposure respectively, a hexagonal 
lattice will be recorded [12,13]. In such case, the irradiance IRi of each interference pattern inside the photosensitive 
material can be simplified by:  
                                                 ( ) ( )( )22 1 cos cos sinRi i i
i
I I x zπ α α
⎧ ⎫⎡ ⎤⎪ ⎪= + −⎨ ⎬⎢ ⎥Λ⎪ ⎪⎣ ⎦⎩ ⎭
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with Λi=λ/2Sinθ being the period of the fringe pattern.  
Figure 2 shows the simulated light patterns that correspond to the surfaces of equal energy dose value of equation (1). 
Figure 2(a) corresponds to a superimposition of two sinusoidal fringe patterns with the rotation angle of the sample 
α1=45o and α2= -45o for the first and second exposure respectively. Figure 2(b) shows the same for α1=0o and α2= -60o. In 
both cases the period of fringe pattern was kept constant and equal to Λ1=Λ2=0.7μm as well as the time of exposure of 
each pattern (Δt1=Δt2).  
Fig. 2. Simulated light patterns (surface of equal energy dose) resulting from the superimposition of two interference 
patterns. The sample was rotated of a) α1=45o and α2= -45o and b) α1=0o and α2= -60o.  
 
The hexagonal structure obtained by a rotation of the sample of 60o between the exposures (Figure 2b), presents an 
elliptical cross section [12,13]. Adding a third exposure can eliminate such ellipticity. In this case, however, it is necessary 
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2.2 Two dimensional infinite channels 
In this case we expose the sample twice to the same interference pattern but now we rotated the sample around z-axis, 
instead of y-axis (α=0). Using β1= β for the first exposure and β2=- β for the second exposure, the resulting interference 
pattern can be written by: 
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λ
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                (8)                             
with ξ and ρ given by equations 5 and 6. 
Figure 3(a) shows the simulated light pattern inside the photoresist film resulting from the superimposition of two 
sinusoidal fringe patterns with de same period (Λ1=Λ2=0.7μm) and same time of exposure Δt1=Δt2. The refractive index 
of the photosensitive material was assumed nr=1.67 and the rotation angles of the sample were β1=+45o and β2= - 45o for 
each exposure respectively. As it can be seen in Figures 3(a) the superimposed pattern is a hexagonal array of tubes, 
aligned with the z-axis (parallel to substrate surface), with elliptical cross section (Figure 3(c)). Figure 3(b) shows the 
light pattern simulation for β1=+15o and β2= - 15o, while Figure 3 (d) corresponds to its cross-section at plane x-y.  
Fig. 3. Simulated light patterns for rotation of the sample around z-axis of angles (a) β1=+45o and β2= - 45o; (b) β1=+15o and 
β2= -15o.  (c) and (d) are the x-y cross-sections of (a) and (b) respectively. 
 
2.3 Three-dimensional 
By superimposing three interference patterns with rotation of the sample around both y and z-axis of proper angles α and 
β it is possible to generate 3D photonic crystal templates [11]. Different kinds of 3D periodic structures can be simulated 
(using equations 1 to 6) and it is possible to find the appropriate conditions to perform the holographic recording of the 
desired structure. Figure 5(a) shows the simulated pattern resulting from the superimposition of three fringe patterns with 
the rotation angles of the sample of α1=90o; β1= 0o, for the first exposure, α2=0o, β2= 30o, for the second exposure and 
α3=0o, β3= -30o for the third exposure. As it can be observed, the 3D simulated structures present a squared lattice in the 
plane x-z, a hexagonal lattice in the planes x-y and a rectangular lattice in the plane z-y. Figures 5 (b), (c) and (d) 
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Fig. 4. Simulated light patterns resulting from the superimposition of three interference patterns for rotation angles of the 
sample: α1=90o, β1= 0o; α2=0o, β2= 30o and α3=0o, β3= -30o. (b), (c) and (d) correspond to the cross sections at planes y-
x, z-y and z-x respectively. 
 
3. RECORDING OF THE PHOTORESIST TEMPLATES  
In order to record the conventional structures, the positive photoresist SC 1827 (from Rohm and Haas) was spin-coated 
on glass substrates forming a 0.6 μm thick film. The samples were pre-baked and then exposed twice to a stabilized 
holographic setup [15] operating at λ = 458nm. We have used a fringe period of 0.7μm and a dose of 350 mJ/cm2 in each 
exposure. The samples were exposed using the same rotations α angles used in the simulations of Figure 2. After the 
second exposure, the sample is developed in AZ 351 developer 1:4 for about 40 seconds.   
Figure 5 (a) shows the SEM-photographs of the photoresist structures, recorded using α1 =45 o and α2 =-45 o while 
Figure 5 (b) shows the same for α1 =0 o and α2 =-60 o. Note the good accordance between the experimental and simulated 
structures (Figure 2). The photoresist template is constituted of well-defined columns, measuring around 0.6 μm of high, 
resulting in aspect ratio of about 4, and an average filling factor around 0.2. The lateral walls of the structures are 
verticals, which is a necessary characteristic for the lift-off process. 
Fig. 5. SEM photographs of the SC 1827 photoresist templates on glass substrate a) α1= + 45 o  and   α2 = - 45 o;  (b) α1= 0 o 
and  α2 = -60 o resulting in a 2D squared and 2D hexagonal lattice respectively. 
To record the “infinite” channels structures, thick photoresist films, of AZ 1518 (from Hochst), were prepared with a 
thickness of about 8 μm. The samples are exposed twice to the same holographic setup [15] but now the samples were 
rotated around the z axis, of symmetrical angles β=±45o and β=±15o, and the light dose of each exposure was 600 
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shows the SEM-photographs of the cross section of the photoresist structures, recorded with these two different β angles. 
The resulting structure is composed by a hexagonal arrays of “infinite” channels with their axis aligned along the 
substrate surface. Note the good accordance between the experimental and simulated patterns (shown in Figure 3). The 
“infinite” channels shown in Figure 6 can be observed along the whole sample that has about 1cm2. 
Fig. 6. SEM-photographs of the cross section of the structures recorded in photoresist by superimposition of patterns by 
rotating the sample around the z-axis. (a) β1 =+45o and β2=-45o ; (b) ) β1 =+15o and β2=-15o . The inset in (a) shows an 
overview of the sample.  
The same thick AZ 1518 photoresist film was used to record the 3D structures. In this case, at least three exposures are 
necessary, with rotation of the sample around different axis. Figure 7 shows the structure resulting from three successive 
exposures of the sample to the same interference fringe pattern. For the first exposure we used α1=90o; β1= 0o, for the 
second exposure, α2=0o, β2= 30o, and for the third exposure α3=0o, β3= -30o.  The inset corresponds to the top view of the 
sample (cross-section at the plane z-x). As expected, the photoresist template is a three-dimensional lattice with squared 
lattice at the plane z-x (top view inset) and a hexagonal lattice at the plane y-x. Besides the effect of the absorption that 
changes the width of the photoresist structures along the y-axis, there is a good agreement between the photoresist cross-
section and the simulated cross-section.  
Fig. 7. Scanning electro photography of the 3D photoresist template recorded using three exposures: α1=90o; β1= 0o, for the 
first exposure, α2=0o, β2= 30o, for the second and α3=0o, β3= -30o for the third. The inset shows a top view of the sample 
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4. PHOTONIC AND PLASMONIC STRUCTURES 
 
The 2D photoresist templates can be used to transfer the pattern to a dielectric with high refractive index material, in 
order to present photonic band gap (PBG) in all direction of propagations, in the plane. 
The transference of the pattern was performed using the shadow evaporation of the desired dielectric material. As the 
photoresist templates present a high aspect ratio, with vertical walls, the evaporated material coats only the top and the 
bottom of the photoresist structure, keeping the photoresist lateral walls bared. Thus, after evaporation the photoresist is 
removed using a lift-off with acetone. Figure 8 shows these three steps: (a) the photoresist template on the glass 
substrate; (b) the sample after the evaporation of the antimony based glass film (with refractive index of about 1.9) and 
(c) after the photoresist lift-off in acetone [16]. The resulting hexagonal 2D photonic crystal layer has a thickness of 200 
nm, a hexagonal lattice period a= 808 nm and a filling factor r/a =0.37 [16]. 
 
Fig. 8. Scanning Electron photographs of the three steps of the process (a) photoresist template; (b) after the antimony based 
glass deposition and (c) patterned antimony based glass layer, after lift-off of photoresist. 
 
In order to obtain the plasmonic structures, the pattern must be transferred to a metallic film. Figure 9(a) shows the SEM 
photograph of the resulting 2D squared arrays of holes recorded by e-beam evaporation of Au and further lift-off of the 
photoresist. The holes have diameter of 150nm, period of 700nm and the thickness of the Au film is about 100nm. The 
samples are about 1 inch squared and are homogeneous along this whole area. Figure 9 (b) shows the SEM photograph 
of the hexagonal array of nanoholes recorded in Au films with the same thickness (100 nm). In this case the period of the 
fringe pattern used was 800 nm resulting in a period of 900 nm for the hexagonal lattice. The elliptical holes measure 
about 200 nm X 400 nm (minor X major axis). 
Fig. 9. Scanning electron photographs of the arrays of holes in Au films of 100nm of thickness: (a) Squared lattice and (b) 
Hexagonal lattice 
 
(a) (b) (c) 
(a) (b) 
Proc. of SPIE Vol. 7358  73580K-7
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/18/2015 Terms of Use: http://spiedl.org/terms
 
 
5. OPTICAL MEASUREMENTS 
In order to check the applicability of this technique to perform photonic crystals, the photonic properties of the recorded 
samples were measured by optical transmittance spectroscopy. 
Figure 10 shows the optical transmission spectrum of the 2D patterned antimony based glass layer (shown in Figure 8 
(c)) as a function of incidence angle θ along the direction Γ-K (schematized in Figure 10). The measurements were 
performed in two different regions of the sample, separated from each other of about 5 mm, using a Cary 500 
Spectrometer from Perkin Elmer in the range from 650 to 2000 nm for the incident light linearly polarized along the TE 
direction (perpendicular to the plane of incidence). The transmittance curves display the resonant features (Fano 
ressonances) when the frequency and the component of the wavevector parallel to the surface matches a photonic mode 
in the layer [17]. Note that the resonances peaks are as well defined as those obtained from samples fabricated by e-beam 
or FIB [17]. This fact indicates that there is no substantial variation of the geometric parameters of the holes in the spot 
size area of the measurement (~3.5mm2). Note also that there is no significant variation between the spectra for two 













Fig. 10. Transmission spectra obtained for the 2D-PCL sample by changing the incidence angle. Measurements were done 
along the Γ-K direction, for TE polarization. 
 
Figure 11(a) shows the zero-order transmission spectra, measured using a λ-9 Perkin Elmer Spectrometer (VIS-
UV), for a squared array of holes in a gold film on a glass substrate (sample of Figure 9 (a)). Each color corresponds to a 
different point of the sample separated each other of about 5mm. As it can be seen the spectra do not change significantly 
along the sample. Figure 11 (b) shows the same transmission spectrum for the sample immersed in water. The peak at 
650 nm in the Figure 11(a) is related to the Au-air (n=1) interface, while the peak at 725 nm in Figure 11(b) is related to 
the mode at the Au-water (n=1.332) interface. Both spectra were obtained using the same sample and they are 
superimposed in Figure 11(c), for comparison. The SP modes are distinctly different because the resonance frequency 
depends on the dielectric constant of the local medium [3,4]. Note that the position of the first peak (λ=495nm) is the same 
for the sample immersed both in air and in water.    
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Fig. 11. Optical transmission spectra of the squared array of holes recorded in a gold film with 100nm of thickness (shown in 
Figure 9 (a)). Each color corresponds to a different point of the sample. (a) Sample immersed in air; (b) Sample 
immersed in water and (c) Superposition of the curves for comparison.  
 
6. CONCLUSIONS 
We demonstrated the fabrication of 2D and 3D  photonic crystals and plasmonic structures using the superimposition of 
two-beam interference patterns.  
To record 2D photonic crystal layers as well as plasmonic structures only two exposures are enough to obtain high aspect 
ratio photoresist templates. These templates are used to transfer the pattern to appropriate materials by lift-off. The 
optical measurement of the samples fabricated using this method shows the presence of Fano and plasmonic resonance 
peaks that demonstrates the applicability of the technique. 
For recording of 3D photonic structures three exposures are necessary, at least. In this case the maximum thickness of 
the 3D PC templates is limited by the photoresist absorption and by the mechanical properties of the photoresist.  
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